INTRODUCTION
Spotted DNA microarrays printed with cDNA or oligonucleotides typically require co-hybridization of a sample and a reference standard, so relative expression level for each individual gene can be readily normalized and related across multiple experiments (1) (2) (3) .
The ideal reference standard should be abundant and easy to obtain, so that extracted RNA could be aliquoted, stored, and used through an extended period of time. It should have expression of all genes with a relative abundance similar to those expected in the sample of interest. This is obtainable when comparing gene expression levels between two conditions, where only a single parameter separates the otherwise identical samples making the untreated state reference (4) . When investigating different aspects of a certain system including distinct cell types and tissues, it is more complicated, and a mixture of RNA from different cell lines is frequently used (5-7). Since we wanted to perform gene expression profiling on both benign and malignant conditions of the lymphoid system, it was important to utilize a reference RNA standard providing a comprehensive spectrum of transcripts at concentration levels suitable for evaluating gene expression changes in various lymphoid tissues and cells. The commercially available Universal Human Reference RNA from Stratagene (La Jolla, CA, USA) consists of equal quantities of total RNA from 10 different cancer cell lines representing brain, breast, skin, testis, cervix, liver, lipocytes, macrophage, but only one lymphoblastic leukemia cell line representing T cells and one plasmacytoma cell line representing B cells. Thus, we were concerned that this standard would not provide sufficient coverage for our microarray analysis of the lymphoid system. Therefore, we empirically evaluated the coverage and expression levels of lymphoid system expressed genes of the Stratagene RNA standard and a RNA standard prepared in our laboratory consisting of a mixture of RNA isolated from thymus, secondary lymphoid tissues, and a number of lymphoid cell lines.
MATERIALS AND METHODS

Fabrication of Human Oligonucleotide Microarrays
Oligonucleotide probes (60-mers) were designed for each target gene (Compugen, Rockville, MD, USA) and manufactured by Sigma-Genosys (The Woodlands, TX, USA exceeded 30% of the total RNA pool. The fractions were pooled, aliquoted, and stored as ethanol precipitates at -80°C.
Probe Labeling
Indirect labeling using aminoallyl dye coupling was performed as described by DeRisi with slight modifications (http://derisilab.ucsf.edu/microarray/ protocols.html). Briefly, first strand cDNA was synthesized from 30 μg total RNA and labeled with aminoallyl-dUTP, and the cDNA products were purified on Microcon ® 30 columns and coupled with N-hydroxysuccinimidyl ester Cy™5 or Cy3 dyes (Amersham Biosciences, Piscataway, NJ, USA). In initial assays, labeling efficiency and total amount of labeled cDNA was determined, and reproducibility was ensured by measuring the absorption at 532 nm (Cy3), 635 nm (Cy5), and 260 nm (cDNA), respectively. Typically 1.6-2.0 μg cDNA was generated from 30 μg total RNA after labeling and purification and was used in its entirety for hybridization.
Array Hybridization and Scanning
Samples were mixed in 6 μL deionized water and 10 μg each of poly(dA), human cot-1 DNA, and yeast transfer RNA (tRNA) was added to a final volume of 45 μL containing 4.4× SSC, 4.1× Denharts, and 50% formamide. Hybridization was performed in the dark for 15 h at 42°C in a Corning hybridization chamber (Corning, Acton, MA, USA). Arrays were washed once in 2× SSC, 0.1% sodium dodecyl sulfate (SDS), 3 min in 2× SSC, 0.1% SDS, 3 min in 1× SSC, 0.01% SDS, and 2 min in 0.2× SSC, all at room temperature with stirring in foil-covered wash chambers (TeleChem, Sunnyvale, CA, USA). Arrays were dried by spinning and read with a ScanArray™ 4000 scanner (PerkinElmer Life and Analytical Sciences, Boston, MA, USA) and images analyzed using Genepix 4.0 software (Axon Instruments, Union City, CA, USA).
Analysis
Triplicate co-hybridizations were performed with lymphoid (Cy5) and Stratagene (Cy3) standards. Features 
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obscured by blemishes or dust-specks were flagged, and features with signal/background ratios below 1 were removed prior to analysis. Local background was subtracted from individual spots, and intensities for each channel were global median normalized. The C5/Cy3 ratio was log 2 transformed, and the weighted average was calculated for each gene from the triplicate hybridizations according to the formula
where each data point x i is weighted inversely by its own variance δ i 2 . The standard deviation of the weighted average was expressed as
. The weighted average and standard deviation were only calculated for genes where ratios between lymphoid and Stratagene RNA standard were unidirectional for at least two out of the three hybridizations.
RESULTS AND DISCUSSION
Genomic DNA was suggested (1) and experimentally evaluated (2,3) as a universal reference in microarray studies. Pooled RNA reference was superior to a genomic DNA reference when evaluating transcriptional response to oxidative stress. Differences in hybridization kinetics between double-stranded genomic DNA and a RNA-based reference was suggested to mediate the increased variability observed for the genomic DNA reference when hybridized to cDNA microarrays (3). In contrast, others find no statistical difference between the two standards when directly compared by co-hybridization onto spotted cDNA microarrays (2) . Since the use of genomic DNA as reference is still controversial, we chose to evaluate only RNA references consisting of pools of RNA.
Evaluation of Oligonucleotide Microarray
To ensure no bias was introduced during incorporation of either fluorophores used for labeling, self-self hybridizations of Stratagene and lymphoid RNA standards (Figure 1, A and  B) were performed. Fluorescence intensities for both channels were very similar with Pearson correlation coefficients (r) above 0.95, illustrating an unbiased incorporation of Cy3 and Cy5. Reproducibility was evaluated by plotting Cy5/Cy3 ratios of individual genes from two out of the three independent hybridizations of Stratagene versus lymphoid standards against each other ( Figure 1C ). Repeats showed Pearson correlation coefficients around 0.90. The ratio of Cy5/Cy3 for the repetitive spots of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was statis- 
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tically comparable by Student's t-test statistics for unpaired data between repeated microarrays. Thus, unbiased labeling and a high degree of reproducibility of hybridization were demonstrated.
Differentially Expressed Genes
With 85% of the printed spots yielding fluorescence intensities 2-fold above the average empty-spot intensities for both standards, more than 15,000 different genes/expressed sequence tags (ESTs) were available for analysis. Using a 2-fold difference as determinant for differentially expressed genes, we obtained 796 genes or 4.2%. Of these, 92% were between 2-to 4-fold differentially expressed, 6% were between 4-and 8-fold, and 2% were differentially expressed by more than 8-fold. The highest observed difference was 28-fold higher expression in the lymphoid standard for a cDNA clone (gi:10437228 entrez). Seventy-five percent of the differentially expressed genes had higher expression levels in the lymphoid than in the Stratagene standard.
Differentially expressed genes could be subdivided into categories that correlated well with the cellular composition of the two RNA standards ( Figure  2 ). Transcripts encoding leukocyte-specific surface antigens and DNA repair genes involved in T cell receptor and immunoglobulin gene rearrangements were highly present in the lymphoid standard. Stromal components of tonsil and spleen and several genes involved in regulating apoptosis had enhanced expression in the lymphoid standard.
For the Stratagene standard, many genes involved in cell cycle and cell proliferation were present at higher transcript levels than in the lymphoid standard, consistent with higher proliferative rates of cell lines than normal cells and tissues. A large group of genes with obvious embryonic-restricted expression patterns were overexpressed in the Stratagene standard, including the γ globins, G and A (9) . These transcripts probably originated from the embryonic carcinoma cell line. Testis and brain specific transcripts were also present at higher levels in the Stratagene standard reflecting the origin of the cell lines of the standard and hence the differences in RNA concentrations.
In our study, most of the genes were expressed at modest levels in both standards, making them fairly comparable. With 597 transcripts being more highly expressed in the lymphoid versus the Stratagene standard, the former has an advantage when working within the lymphoid system. However, only 47 of the transcripts are differentially expressed by more than 4-fold in the lymphoid standard and only 19 of these have a known biological function. In conclusion, the Stratagene standard performed very well in our experiments, and it is commercially available so that experiments by different laboratories using this standard are more readily compared. Thus, the advantages of the Stratagene standard may outweigh the minor deficiencies, and it will provide adequate coverage for the vast majority of transcripts.
